The computer simulations of the interaction of DNA fragments and actinocin derivative (ActII) with ligand-target
Introduction. Studying the processes of molecular recognition and complex formation of nucleic acids (NA) with biologically active substances (BAS) it is of great importance to determine the following: i) localization of possible binding sites and their measurements; ii) the structure of sites and energetic parameters of binding; iii) the most probable molecular models of complexes.
One of the most widely spread methods of localization of binding sites of ligands with NA are the methods connected with spectrophotometrical investigations of NA and BAS in UV-and visible regions. In order to perform a detailed analysis of types and structures of the complexes formed, the titration curves (concentration dependencies of mixture absorption spectra) are built, which reflect the spectral changes in each system under investigation. These concentration dependencies for NA-BAS may be used for determining the constants and localizing the binding sites [1, 2] .
Many ligands capable of interacting with NA form two main types of complexes: binding in the grooves of twin NA helix and intercalation or incorporation of planar heterocyclic chromophore between the surfaces of neighboring NA nucleotide pairs. The values of binding sites at intercalation are basically low. Intercalating ligands may be divided by 1-4 basic pairs (b.p.) [3] . Binding ligands in DNA grooves, binding sites measurements are higher than those at intercalation and equal 3-6 b.p. or more depending on the ligand structure [4] .
Experimental investigation on molecular mechanisms of complex formation of analogue anticancer antibiotic actinomycin D (actinocile-bis(2-dimethylaminopropyl-amine) -ActII with natural DNA revealed the possibility of obtaining two types of complexes [5, 6] . The first one can be viewed as external binding of ligand in minor or major DNA grooves, and the second one can be considered to be intercalation.
Using spectrophotometry investigation of complex formation ActII with three DNA samples (different in AT/GC-content) and subsequent analysis of the results the measurements of the binding site for the first type of the complex (groove binding) were shown to be the same for all investigated systems, equal to ~ 3 b.p. per ActII molecule, and depend slightly on GC-pair contents [7] .
Optimal values of the binding sites for the second type of complexes increase depending on GC-pairs contents decrease, whereas the corresponding binding constants do not change significantly. Authors make the supposition that these data testify in favor of GC-specificity of binding ActII and possible intercalation between two neighboring GC-pairs. Analysis of the results revealed that the size of the binding site for this type of complex is in inverse proportion to the value of the possibility of close location of two GC-pairs and equals 3. (GC ~42 %), and 12 for DNA Cl.perf.
(GC ~ 28 %). Therefore, two types of complexes formed at different sites and different in the size of the binding site are present in ActII-DNA systems [7] .
Detailed representation of possible ActII-DNA structural complexes may be obtained using computer modeling accepting the data of X-ray structural analysis of complex DNA fragments and ligands and the data on spectrophotometry for particular ActII-DNA system as the obligatory data.
Current work presents the data of computer modeling of ActII complexes with different DNA fragments according to two types of binding. The main tasks of the investigation were to model the complexes (ligand-NA ratio 1:1 and 2:1) and to assess the binding sites for two types of complexes. The possibility of stable complex formation between Act II and several DNA fragments for two different types of binding 1:1 was shown by Monte Carlo method and methods of molecular dynamics [8] [9] [10] . Computer modeling allowed obtaining structures corresponding to energy minimum (or the most probable equilibrium state of ActII-DNA fragment) and evaluating the water environment in the process of complex formation.
Materials and Methods. To select optimal molecular models of hydrated complexes ActII and DNA using the Monte Carlo method, computer modeling of the interaction of two different DNA fragments and ActII taking into account water environment has been performed. Energy and structure characteristics were calculated and instantaneous configurations, necessary for building the molecular models and water environment of the investigated complexes, were obtained.
The application of the Monte Carlo method for investigating the hydration of small molecules, NA fragments, and their components is presented in detail in [11, 12] . This investigation presents the calculations in canonical (N, V, T) ensemble in the frames of Metropolis algorithm [13] . In each of these systems the number of water molecules was 800, system temperature -298 K.
To calculate interaction energies values, semiempirical atom-atom potential functions suggested by Poltev et al. have been used [14, 15] . Total interaction energy of the system is presented as the sum of water-water, water-DNA, water-ligand, DNA-ligand, and ligand-ligand interaction energies. Water-water interaction energy is approximated by atom-atom potential function of 1-6-exp type [14] :
The parameters are selected in a specific way in order to reproduce the energies of hexagonal crystalline lattice of ice and force coefficients of ice hydrogen bonds (H). The model of water molecule and the selected type of potential function reproduce satisfactorily thermodynamic and structural parameters of liquid water and water solutions obtained experimentally.
Energy values of water-DNA, water-ligand, and ligand-ligand are approximated by atom-atom potential function of 1-6-12 type [14, 15] :
The parameters of potential functions are selected in a specific way in order to reproduce the lengths of H-bonds between the molecules of water and NA components, as well as experimentally determined positions of water molecules in crystalline hydrates of bases, nucleosides, nucleotides and some ligands.
Cluster approximation (during which the system was placed in the sphere with firm reflecting walls in such a way that the solution center of masses matched the sphere center) was used as limiting conditions [16] . Initially, only the water molecules with the most advantageous structure obtained by preliminary modeling of cluster containing 800 water molecules were placed in the center of the sphere. The radius of the sphere was selected to be equal to the radius of the sphere, obtained for such water structure, i.e. 24.5A o .
Later on the radius of the sphere was increased for the value necessary for water molecules pressed out of water "drop" during the placement of complex into the center of the sphere. The radius used in current work was increased up to 40.5A o . The number of elementary configurations performed in order to achieve the equilibrium state of water cluster equaled (4-6)C10
6 , (4-6)C10 6 of elementary configurations were performed additionally to calculate energy characteristics.
Energy and structural characteristics of systems containing ActII, DNA fragments, and their complexes in aqueous clusters were calculated in a similar way.
Initially, to achieve equilibrium state 32C10 6 of elementary tests were performed, then thermodynamic parameters of the system on the equilibrated region were calculated, for this purpose 32C10 6 of elementary tests were generated. Statistical error occurring due to the limited number of configurations was estimated by the method of control functions. At that the whole set of elementary configurations was divided by final number of intervals. Thermodynamic values were calculated for each interval (in this work this is the total system energy) while standard deviation did not exceed ±0.005.
The values of charges on the NA fragment atoms were accepted as in [17] . Coordinates and charge values of ActII atoms ( Fig.1) were obtained by ab initio HF/3-21G(p) method using GAMESS software (GAMESS QC Software (US)) [18] adapted for Windows NT (Granovsky A. A., http://www.classic.chem.msu.su/gran/gamess/index.ht ml).
NA fragments in the solution at physiological conditions were negatively charged due to total ionization of phosphate groups. Neutralization of the charge on phosphate groups was performed by means of counterions, i.e. Na + ions. Counterions in the calculations presented, necessary for neutralization of phosphate groups, are not taken into account explicitly, however the charges of phosphate groups are calculated in regards of preserving the condition of electroneutrality. Such approximation is used in conformational analysis of NA and their fragments [17] and in the studies on hydration of di-and oligonucleotides by the Monte Carlo method [19] .
Results and Discussion. The study considers two possible variants of complex formation formed by 37 THE BINDING OF ACTINOCIN DERIVATIVE WITH DNA FRAGMENTS (MONTE CARLO SIMULATION)
Fig.1
Structural formula of actinocile-bis(2-dimethylaminopropyl-ami ne) -ActII molecule actinocine derivatives in accordance with the data presented in [5] [6] [7] [8] . These are the incorporation of ligand molecules into the minor groove of the double helix and intercalation of ligands between GC-pairs surfaces of the double strand DNA. Initial configurations of complex coordinates obtained by the method of X-ray analysis were the following i) DNA fragment 5 -d(CCAACGTTGG) 2 and two antramycin molecules which form the complex by external linkage in minor groove of the DNA (NDB index: GDJB29, PDB index: 274D) [20] ). This procedure was performed for each of possible positions of ligands of both complexes with subsequent geometrical optimization of complexes first in the borders of Metropolis algorithm and then the modeling of the optimized structure in water cluster was performed.
Studying ActII-DNA complexes (2:1) both molecules were placed into the position of two ligand molecules in crystallographic complexes with DNA fragments. Later on, the complexes were optimized geometrically in vacuum approximation and the complex was placed into the cluster of 800 water molecules.
The Table presents the results of energy and structural characteristics calculations of the systems under investigation.
The analysis of the results obtained reveals that the formation of all complexes is energetically profitable.
The mentioned fact allows making the conclusion on the possibility of DNA complex formation with both one and two ActII molecules located in binding sites of the selected size. It is worth mentioning that studying the binding of methylene blue in the minor DNA groove using molecular docking and Monte Carlo method in order to obtain low-energy conformation of complexes, ligand-DNA fragment interaction energies were determined to be from -200.1 to -177.8 kcal/mol [22] . These results are in good correlation with the modeling of interaction ActII-DNA fragments energies values ( ++ U DNA-ActII , Table) recalculating it per 1 ligand molecule. This correlation testifies in favor of adequacy of the method used and the modeling parameters selected in order to investigate the systems DNA fragment-ActII.
Having analyzed the set of instantaneous configurations of complexes obtained on the equilibrated area of modeling, the sizes of binding sites can be estimated. During binding in the minor groove two ActII molecules occupy three base pairs and are separated by three more pairs (Fig.2, a) . While the interaction energies of both ligand molecules with the fragment differ insignificantly ( + U DNA-ActII , ++ U DNA-ActII , Table) , however, the interaction energies between ActII molecules (U ActII-ActII , Table) reveal the repulsion of ActII molecules.
Similar conclusions for the complex with intercalated ligands can be made. The interaction energy between ActII molecules (U ActII-ActII , Table) for this type of the complex is significantly higher, i.e. the repulsion of ligands is higher. Obviously, the size of the binding sites, used in modeling are smaller than those necessary for diminishing the repulsion between positively charged side chains of ligands. Molecules intercalated into GC-sites were proven to be separated by 2 b.p. and two more b.p. form the borders of binding sites, i.e. the size of the binding site for this type of the complex can set to be 4 b.p. (Fig.3, a) . According to the experimental data [7] , the value of the binding site for ActII at intercalation varies in the borders from 6 to 12 b.p. for high GC content DNA. High positive values of U ActII-ActII energies may testify in favor of noncooperativity of ActII-DNA binding for the intercalation complex. The cooperativity factor (or any parameter characterizing ligand-ligand interaction) was 1, Fig.2, b assessed on the basis of spectrophotometry data and as a result intercalation was shown to be noncoperative process and binding in the minor groove to be low-cooperative one [7, 8] .
Let us consider the differences between different types of complexes. Binding of each of ActII molecules in Table) . The difference is determined to be around 4 kcal/mol. At simultaneous binding of both ActII molecules in the groove the interaction energy values of each of them with DNA fragment were shown to differ less. Analysis of instantaneous configurations of three complexes of this binding type allows determining H-bonds formed between amino group of ligand chromophore and C=O thymine group (Fig.2, b) . This fact may provide the explanation for the difference in the U (Table) . The data presented allow supposing i) adequacy of the binding site size used in this work for modeling this type of the complex at ligand-DNA ratio 2:1 and ii) nonspecificity of ActII binding in the minor groove. Minimal size of the binding site for the complex with ActII molecule located in the minor groove was experimentally determined to be 3 b.p. [6, 7] . 2:1 model complex obtained using computer modeling, two ActII molecules were located in the minor groove 3-4 b.p. away along the helix axis (Fig.2, a) .
Intercalation of one ActII molecule does not influence significantly the incorporation of the next molecule into the second GC-site of 5 -d(CGATCG) 2 (Table,  + U DNA-ActII ), however, these values are 10 kcal/mol lower (absolute value) than the value of the interaction energy of one ActII molecule with GC-site of the bigger DNA fragment -5 -d(GAAGCTTC) 2 [6, 8] , which is -30.2 kcal/mol per base pair (or -241.2 kcal/mol per ligand molecule). Analysis of the instantaneous structures of the complexes revealed ActII not to form H-bonds in the binding site, as well as no overlapping of the ActII chromophore plane with the base pair planes in the binding sites for all types of complexes studied. On the contrary, at the incorporation of one ActII molecule into the central GC-site of 5 -d(GAAGCTTC) 2 a significant overlapping of aromatic systems of the ligands and the base pairs was observed and the formation of 2-3 H-bonds between donor-acceptor groups of ActII and DNA fragment was demonstrated [6, 8] . These differences may be explained due to several reasons.
As it was mentioned above, the selected size of the binding site for ligands was too small which resulted in significant repulsion between positively charged ligand molecules and apparently, influenced their location in the binding sites. Besides, terminal effects have evident influence on the formation of such a structure as 2:1 complex binding sites, located on terminal ends of the DNA fragment, as well as nucleotide contents and the sequence of DNA fragment base pair. Therefore, the supposition on a higher specificity of the intercalation complex comparing to the binding ActII in the minor groove can be put forward.
The analysis of all complexes under investigation allows stating that their stability is determined by Van der Waals and electrostatic interactions. At the same time electrostatic interactions may make a destabilizing contribution. Electrostatic interactions between positively charged side ligand chains and negatively charged phosphate groups of the DNA fragments stabilize the complex, whereas the interaction between the same structural components of two ligands destabilize the complex. Water molecules contribute to the complex formation as well. The analysis of the interaction energies of the complexes and their components with water (interaction energy U Table) show significant rearrangement of hydrate surrounding of the DNA fragments and ligands in the course of their binding. The table presents the similar data obtained at modeling the systems containing only DNA fragments or ligand molecule in water clusters (800 water molecules) and pure water cluster.
Water molecules which occupy the bridge position between donor-acceptor groups of ligand and DNA fragment were discovered in the binding sites of all types of complexes (Fig.2, 3) . Water molecules occupy the bridge position between C=O and NH 2 -groups of ActII chromophore and the groups of sugar-phosphate backbone and the base pairs, thymine C=O group and adenine N1 atom of DNA molecule at binding of each of ActII molecules in the minor groove. Water molecules occupying the bridge position between sugar-phosphate backbone, NH 2 -group of cytosine and guanine N7 atom of DNA fragment and C=O and amino groups of ActII chromophore were discovered during intercalation.
Conclusions. Low-energy structures of ActII complexes with DNA fragments which may be the most probable molecular models of two different types of complexes, i.e. ActII binding in the minor groove and intercalation ActII into GC with stehiometry 1:1 and 2:1 were obtained using the method of computer modeling. Energy stability of the complexes was shown to be determined by Van der Waals and electrostatic interactions as well as by the interactions with the solvent. While occupying the bridge position between donor-acceptor groups of DNA fragments and ligand molecules, water molecules contribute to additional stabilization of the complex formation. The sizes used in modeling are more adequate for the complex of ActII binding in the minor groove and are equal to 3-4 b.p. per ligand molecule. Apparently, the sizes for the intercalation complex have to be higher than those selected for modeling, i.e. higher than 4 b.p. per ligand molecule.
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